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ABSTRACT 
 We report the investigations of crystal structure, electrical resistivity (ρ), 
magnetization (M), specific heat (CP), thermal conductivity (κ), and thermoelectric power 
(TEP) on La0.7Sr0.3(Mn1-xRux)O3 (LSMRO) compounds with x = 0 to 0.90. From the 
analyses of crystal structure and magnetization measurements, it is inferred that Ru should 
have a mixed valence of Ru3+ and Ru4+ for LSMRO with low level of Ru substitution, and 
an additional mixed valence of Ru4+ and Ru5+ with higher Ru substitution. It is found that 
all measured physical properties undergo pronounced anomalies due to the 
ferromagnetic-paramagnetic phase transition, and the observed transport properties of 
LSMRO can be reasonably understood from the viewpoint of polaronic transport. The 
Curie temperatures TC determined from the magnetization measurements are consistently 
higher than those of the metal-insulator transitions TMI determined from the transport 
measurements. By replacing Mn with Ru, both TC and TMI decrease concurrently and the 
studied materials are driven toward the insulating phase with larger value of x. It is also 
found that the entropy change during the phase transition is reduced with more Ru 
substitution. These observations indicate that the existence of Ru has the effect of 
weakening the ferromagnetism and metallicity of the LSMRO perovskites. 
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I. INTRODUCTION 
The hole-doped mixed-valence perovskite manganites of type R1-xAxMn1-yByO3 (where R 
is a trivalent rare earth and A is a divalent alkali earth, and B denotes the transition metals) 
have attracted considerable attention during the past decade. In these perovskite compounds, 
the interplay between magnetism, charge ordering, and electronic transport have been studied 
in detail.1-4 In particular, the metal-insulator transition near the Curie temperature in this class 
of materials have been interpreted in terms of the double exchange (DE) model, in which a 
strong exchange interaction occurs between Mn3+ and Mn4+ ions through intervening filled 
oxygen 2p states.5,6 In addition, there are some other mechanisms that have provided valuable 
insight into the colossal magnetoresistance (CMR) phenomenon in the manganites, such as the 
antiferromagnetic superexchange, Jahn-Teller effects, orbital and charge ordering.7-9 The 
knowledge of the crystal structure and the chemical bonding of these compounds is of capital 
importance to the understanding of the peculiar magneto-transport properties in these 
perovskites. It is known that the A-site substitution changes primarily the carrier density and 
affects strongly the Mn3+-O-Mn4+ angle (lattice distortion), thus transforming the parent 
compound RMnO3 from an insulating antiferromagnet into a metallic ferromagnet.4 On the 
other hand, the B-site substitution is a direct way of modifying the crucial Mn3+-O-Mn4+ 
network. The effect of substitution of Mn3+ ions in the B-site by trivalent ions such as Fe, Ti, 
and Sc on ferromagnetism and CMR of these manganites has been studied.10-12 It was 
experimentally found that any modification on the exchange interaction causes the 
pair-breaking effect associated with a drastic reduction in Curie temperature TC. For example, 
TC reduced by about 22 K for only 1 at. % Fe substitution for Mn in La0.7Sr0.3MnO3.10 Other 
3d transition metals such as Ti, Co, and Ni have similar substitution effect as Fe.11 However, it 
was reported that as high as 30 at. % of Ru can be substituted into the Mn sites in 
La0.7Sr0.3MnO3 with no change in the crystal structure and has a weak effect on the reduction 
in TC.13 It is argued that Ru has a more delocalized 4f orbital with itinerant t2g electrons that 
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facilitates the exchange coupling interaction. That is, Ru could make a magnetic pair with Mn 
to form the Mn-O-Ru network, thus favoring the DE-mediated transport mechanism. 
Enhanced magnetic and metal-insulator transition temperature in Ru-doped layered 
magnanites La1.2Ca1.8Mn2-xRuxO7 has been reported.14 Even though a large number of studies 
on the Ru-doped manganites have been done, the valence state of Ru, which governs the 
relationships between the magnetism and transport properties of these compounds, is still a 
subject of debate. Krishnan and Ju reported the X-ray photoelectron spectrum (XPS) of 
La0.7Sr0.3Mn0.9Ru0.1O3 in which the Ru3+/Ru4+ mixed state was suggested.15 On the other hand, 
Sahu and Manoharan presented the X-ray absorption spectra of the Ru L2, 3 edge in 
La0.6Pb0.4Mn1-xRuxO3 and showed a clear signature of the existence of Ru5+ up to x = 0.2.16 
However, a recent X-ray absorption spectroscopy measurement has given a clear proof that 
Ru5+ is absent in the Na-doped La1-xNaxMn1–yRuyO3+δ manganites.17 According to these XPS 
results the valence state of Ru in manganites has not yet reached a consensus, and thus the 
source of ferromagnetic interaction between Ru and Mn ions still remains an open question. 
Therefore, it is worth while examining this important issue from a different point of view. Up 
to now, although a large number of investigations focused on the electronic and magnetic 
properties of the LSMRO compounds,13, 15-19 only a few studies regarding thermal properties 
or higher level of Ru substitution (x ≥ 0.4) were reported in the literature. In this paper, we 
report a throughout investigation of crystal structure, resistivity, magnetization, specific heat, 
thermal conductivity, and thermoelectric power of La0.7Sr0.3Mn1-xRuxO3 with x = 0 to 0.90. A 
discussion of the valence state of Ru based on the results of crystal structure and saturation 
magnetization is given. Information of such a study makes it possible to determine a full range 
of physical properties in these Ru-doped magnanites. 
 
II. EXPERIMENTAL METHOD 
Polycrystalline samples of La0.7Sr0.3Mn1-xRuxO3 (LSMRO) were synthesized by a 
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conventional solid-state reaction method, using the starting materials of La2O3, SrCO3, 
MnCO3, and RuO2 powders. Stoichiometric mixture of powders were ground and reacted at 
1100 
o
C for 24 h in air. The samples were reground, pressed into pellets, and heated again at 
1500 
o
C for 24 h. This procedure was repeated and the samples were finally cooled to room 
temperature at the rate of 5 
o
C/min in the last step. The X-ray powder diffraction (XRD) 
data were collected at room temperature from 20
o
 to 80
o
 with a 2θ step of 0.01o using a 
diffractometer (Shimazu XRD6000, Japan) with Cu Kα radiation. The resistivities and 
magnetizations of samples were obtained by a standard dc four-terminal method, and by a 
superconducting quantum interference device (SQUID) magnetometer, respectively. 
Relative specific heats (CP) were measured with a high-resolution ac calorimeter, using 
chopped light as a heat source. Thermal conductivity (κ) and thermoelectric power (TEP) 
measurements were carried out simultaneously in a close-cycle refrigerator by using a 
direct heat-pulse technique. The details of the measurement techniques can be found 
elsewhere.20 
 
III. RESULTS AND DISCUSSION 
 
A. Crystal structure 
Figure 1 shows the typical θ-2θ x-ray diffraction spectra of LSMRO with x = 0 – 1.0. 
As can be seen, the obtained diffraction spectra are consistent with the expected perovskite 
structure and can be indexed in an orthorhombically distorted structure of space group P2/c. It 
is noted that for LSMRO with x > 0.7, impurity phases such as SrO2 and La2O3 were detected. 
The intensity of the strongest impurity peaks is around 5% of the main phase. For 
La0.7Sr0.3RuO3 (x = 1), some diffraction peaks remained unindexed, owing to unidentified 
impurity phases. Unknown impurity phases have also been observed in La0.5Sr0.5Mn0.5Ru0.5O3 
polycrystalline samples.9 The influence of little impurity phases on the transport properties is 
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thought to be ignorable for LSMRO with x > 0.7 due to the insulating impurities of SrO2 and 
La2O3. However, the magnetization contributed from the impurity is subtracted. Figures 2(a) 
and 2(b) show the lattice parameters and the unit cell volume Vcell as a function of Ru 
concentration (x) of LSMRO compounds, respectively. It is clearly seen that the lattice 
parameters a and b increase monotonously with Ru concentration, while the lattice parameter c 
increases initially for LSMRO for x < 0.6 and then decreases and saturates with higher level of 
substitution (x ≥ 0.6). The variation of Vcell shows similar behavior to that of c-axis lattice 
parameter. The increase of lattice parameters at low levels of Ru substitution has also been 
observed in Ru-doped La0.67Ca0.33MnO3 samples.21 The variation of lattice parameters 
provides us valuable information into a further consideration of the valence state of Ru in 
these compounds. Since Ru3+ (0.68 Å) and Ru4+ (0.62 Å) have larger ionic radii compared 
with that of the Mn3+ (0.65 Å) - Mn4+ (0.52 Å) pair, it is inferred that Ru should have a mixed 
valence of Ru3+ and Ru4+, which could account for the observed increase in the lattice 
parameters for LSMRO with low level of Ru substitution (x < 0.6). In view of the fact that 
lattice parameters decrease with further Ru substitution (x ≥ 0.6), it is expected that an 
additional valence of Ru5+ (0.56 Å) might exist in the highly substituted compounds. As 
previously mentioned, the XPS measurements showed ambiguous results of Ru valence state, 
we will further discuss this issue in the following section with a different point of view. 
 
B. Magnetization 
Figure 3 shows the temperature dependence of the zero-field-cooled (ZFC) and 
field-cooled (FC) magnetization for LSMRO. As can be seen, all the LSMRO samples 
undergo a paramagnetic to ferromagnetic phase transition. It is found that the Curie 
temperature TC, determined by extrapolating linearly the temperature dependence of 
magnetic susceptibility 1/χ in the paramagnetic state, decreases with increasing x. The 
variance of Curie temperature TC versus Ru concentration for x ≤ 0.25 is tabulated in Table 
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I. The observed decrease of TC is in good agreement with that reported in Ref. 15. This 
magnetic-transition behavior reveals the long-range ferromagnetic ordering up to x = 0.9, 
indicating strong ferromagnetic exchange coupling between Mn and Ru centers. 
Interestingly, the difference between the ZFC and FC magnetization results is more 
pronounced with larger Ru substitution level, and the ZFC magnetization shows a sharp 
decrease at low temperatures. This large thermomagnetic irreversibility has also been 
observed by others and interpreted as a cluster glass behavior.12, 21 Such a feature is 
attributed to a spin freezing below the irreversibility temperature T*, being often observed 
in inhomogeneous magnetic systems with ferromagnetic grains embedded in a 
non-ferromagnetic background. On the contrary, the difference between FC and ZFC curves 
observed in the LSMRO samples becomes less obvious with lower Ru substitution (x < 0.2), 
reflecting the domain-motion character and larger ferromagnetic grains in the samples. The 
irreversibility temperature T* decreases with an increase in Ru substitution, as seen in the 
inset of Fig. 3. These M(T) behaviors are similar to those observed in Ru-doped 
La0.6Pb0.4Mn1-xRuxO3 samples.16 
Figure 4 shows typical hysteresis loops of the LSMRO compounds measured at 5 K. 
As can be seen, there is an increase in the coercive field with increasing Ru substitution, 
implying that the domain wall pinning increases with increasing x. Furthermore, the value 
of saturation magnetization MS can be approximately obtained from the high-field 
magnetization. The inset of Fig. 4 shows the magnetic moment µS for the Mn/Ru site 
estimated from the experimental MS value as a function of Ru concentration. The obtained 
µS for the x = 0 compound is 3.45µB, close to the theoretical value of 3.67µB. It is noted that 
µS decreases quasilinearly with increase in x, but a noticeable slope change is observed at x 
= 0.5. This phenomenon is ascribed to the appearance of different valence states of Ru ions 
in the low-doping (Ru3+) and high-doping regions (Ru5+). It has been proposed that Ru3+, 
with a half-filled shell electronic configuration, will result in a local antiferromagnetic 
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coupling with neighboring Mn ions.17 On the contrary, the introduction of Ru5+ will lead to 
ferromagnetic coupling with Mn spins, which has been proposed for Sm1-xCaxMn1-yRuyO3 
series.22  With the assumption that a mixed valence of Ru3+/Ru4+ in the lower-doping 
region (x ≤ 0.5) while an additional mixed valence of Ru4+/Ru5+ appears in the high-doping 
region (x > 0.5), we can make a rough estimation for the magnetic moment of these 
LSMRO samples. The compounds with a chemical formula 
3
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where +5Ruµ = 1µB (low-spin 32gt state) parallel to the Mn and Ru4+ moments is used. 
Equations (1) and (2) satisfy the situation that (1) = (2) = 1.1 µB with x = 0.5. The 
calculated µS as a function of x is also shown in the inset of Fig. 4 by dotted lines using Eqs. 
(1) and (2). As can be seen, the calculated µS is in excellent agreement with the 
experimental µS, indicating the validity of our proposal assumption on the variation of 
valence states of Ru ions in these LSMRO compounds. 
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C. Resistivity 
The temperature-dependent resistivities (ρ versus T) between 20 to 500 K of LSMRO 
are shown in Figures 5(a) and 5(b) for x ≥ 0.3 and x ≤ 0.25, respectively. In general, we 
found that an increase in Ru substitution for Mn causes a substantial growth on the 
electrical resistivity of LSMRO. It is seen that the system exhibits metallic behavior 
(positive temperature coefficient) for low Ru substitution samples ( 15.0≤x ), but shows 
semiconducting characteristics (negative temperature coefficient) for high Ru substitution 
samples ( 25.0≥x ). With decreasing temperature, noticeable decrease in ρ marks the 
occurrence of metal-insulator transitions in the low Ru substitution samples. The 
metal-insulator transition temperature TMI, determined from the maximum of dρ/dT, 
increases initially on Ru substitution ( 10.0=x ), then decreases upon further substitution of 
Ru ions, and finally disappears with 50.0≥x  in this series of materials, as the resistivity 
shows no sign of anomaly but exhibits insulating behavior for x = 0.5. In Table I, we list the 
metal-insulator transition temperature TMI with respect to respective compositions for this 
series of compounds with 0 ≤ x ≤ 0.25. A semiconducting-like characteristics for 
40.025.0 ≤≤ x  samples below TMI’s is observed, and it can be explained by the charge 
carrier localization due to doping-induced random magnetic potential. On the other hand, 
an insulating behavior above TMI for x ≥ 0.2 is observed, leading to a temperature 
dependence of ρ which can be described by two approaches. One is the variable-range 
hopping of electrons in a band of localized states,23 and the other is the polaron formation 
due to lattice distortion (polaron hopping model).24 It is found that the data can be fitted 
into the variable-range-hopping equation,23 ρ = ρ∞ exp[(T0/T)1/4], to a reasonably good 
degree with T0 ≈ (1.4 – 18)×106 K and ρ∞ ≈ (4 – 370) µΩ cm. Even though these fitting 
parameters are comparable with those obtained in Sc-substituting La0.7Ca0.3MnO3,12 the 
obtained prefactor ρ∞ is unphysical as discussed by Gayathri et al. for Co-substituting 
La0.7Ca0.3MnO3.25 Typical ρ∞ should be of the order of ρmott, the maximum metallic 
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resistivity, which is seldom below 1 – 10 mΩ cm for these oxides.26 This makes the 
variable-range hopping an unreasonable proposition for the electrical transport mechanism 
of LSMRO. 
Alternatively, as shown in the inset of Fig. 5(a), we found that the high-temperature 
resistivity of LSMRO (x ≥ 0.2) can be fitted by the nonadiabatic small polaron hopping 
model,  
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
Tk
ERT
B
αρ exp2
3
,                                 (3) 
where R is a constant, Ea is the resistivity activation energy, and kB is the Boltzmann 
constant. The resistivity activation energy Ea as a function of Ru substitution is shown in 
the inset of Fig. 5(b). As can be seen, Ea increases rapidly with increase in x for x ≤ 0.4, but 
decreases in the higher Ru-doping region (x ≥ 0.5). The obtained Ea values of 103 – 161 
meV are comparable with those of 135 – 160 meV for Co-substituting La0.7Ca0.3MnO3. 25 It 
is known that the small polarons can arise from the strong lattice-electron interaction 
originating from the Jahn-Teller distortion.24 This makes a strong correlation between the 
lattice constant and Ea. As mentioned above, the Vcell increases initially with x for 
lower-doped LSMRO, and then decreases with higher level of Ru substitution, as seen in 
Fig. 2(b). It is apparent that both Ea and lattice constant exhibit similar variation with 
respect to Ru concentration, suggesting that the polaronic mechanism should be appropriate 
for the understanding of electrical transport in these LSMRO compounds.  
   
D. Heat capacity 
The T-dependent specific heat (CP versus T) of LSMRO with x between 0 and 0.25 is 
illustrated in Figure 6. Each curve is offset by 30 (J/mol K) for clarity. Note that ac technique 
does not give the absolute value of specific heat without detailed knowledge of the power 
absorbed from the light pulse. The absolute value of the specific heat above 130 K is 
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determined by measuring a powder sample (~200 mg) using a differential scanning 
calorimetry (DSC).  The ac results were corrected for their addendum heat capacities (GE 
varnish and thermocouple wire) and normalized to the DSC data at 200 K. The overall 
temperature-dependent specific heat of La0.7Sr0.3MnO3 (x = 0) is consistent with that reported 
by Khlopkin et al.27 It is found that the specific heat undergoes pronounced peaks due to the 
ferromagnetic-paramagnetic phase transition in these compounds. The transition temperature 
Tc,Cp, taken as the temperature of peak position, decreases with increasing Ru substitution level 
and is found to be consistently lower than TMI and TC, as shown in Table I. Several other 
reports also suggested that the transition temperature determined from different physical 
properties may not be the same in these manganites.28  
The specific-heat jumps ∆CP and entropy change ∆S near the transitions in LSMRO can 
be estimated by subtracting a smooth lattice background fitted far away from the transition, 
drawn as a solid curve in Fig. 6. The estimated ∆CP decreases with increasing x, as shown in 
the inset of Fig. 6. The corresponding entropy changes ∆S, evaluated by integrating the area 
under ∆CP/T versus T curves, are also found to decrease with increasing x. A summary 
regarding the characteristics of the specific heat anomalies on LSMRO with 25.00 ≤≤ x  is 
tabulated in Table I. Note that the entropy change (∆S=0.34 R) for the unsubstituted sample 
La0.7Sr0.3MnO3 is about half that of the theoretical value Rln2 for a 
ferromagnetic-paramagnetic phase transition (R is the ideal gas constant). This discrepancy is 
ascribed to the imhomogeneity of the sample, or partially canted spins in the ferromagnetic 
state. A small shoulder is noticed around 365 K in the La0.7Sr0.3MnO3 (x = 0) sample with our 
high-resolution ac calorimeter, again presumably owing to the sample imhomogeneity. Such a 
feature is commonly seen in LSMO polycrystalline samples; however, it becomes essentially 
invisible for the Ru substituted samples. 
The T-dependent specific heat for high level of Ru substituted samples (x = 0.3 to x = 0.6) 
is shown in Fig. 7. In this figure each curve is offset by 10 (J/mol K) for clarity. It is clearly 
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seen that the transition temperature continuously decreases with increasing Ru substitution and 
the pronounced peak in CP gradually evolves into a broad hump for x = 0.40, then a slope 
change for x = 0.50. For the La0.7Sr0.3Mn0.4Ru0.6O3 (x = 0.6) sample, the anomalous feature is 
essentially undetectable in CP, being consistent with the observations by electrical resistivity 
measurement. 
 
E. Thermal conductivity 
Figure 8 shows the observed thermal conductivity (κ) for LSMRO with 25.00 ≤≤ x . 
As can be seen, the T-dependent thermal conductivity is almost independent of the value of 
x, except for the anomalous feature near phase transitions. The magnitude of κ is found to 
be between 10 to 40 mW/cm K in the temperature range we investigated, consistent with 
the values seen by others.29,30 At low temperatures, κ increases with temperature and a 
maximum appears around 40 K for all studied samples. This is a typical feature for the 
reduction of thermal scattering in solids at low temperatures. With further increase in 
temperature, κ decreases with temperature due to the enhanced phonon-phonon scattering 
(Umklapp processes), then gradually saturate at high temperatures. Generally, the total 
thermal conductivity for ordinary metals and semimetals is a sum of electronic and lattice 
terms. The electronic thermal conductivity κe can be evaluated using the Wiedemann-Franz 
law 0/ LTe =ρκ . Here ρ is the dc electric resistivity and the Lorentz number L0 = 2.45 × 
10-8 WΩK-2. From this estimation, it is found that the total thermal conductivity is mainly 
associated with the lattice phonons rather than the charge carriers, due to the high electric 
resistivity of these perovskites. 
As seen from Fig. 8, all samples show distinct anomalous feature due to the 
occurrence of the metal-insulator transition. The transition temperatures Tc,κ, determined 
from the maximum of dκ/dT, are also listed in Table I for comparison. The inset of Fig. 8 
 12
shows a blow-up plot near the phase transitions. Since the thermal conductivity 
measurements provide valuable information about the various scattering processes of 
thermal carriers, the present data allows us to probe into the interplay between the lattice, 
charge, and spin degrees of freedom in these manganites. A common feature for the 
anomaly at Tc,κ is that a sharp rise in κ is observed when the samples enter the 
ferromagnetic state. The anomalous part of thermal conductivity can be expressed as a 
combination of electronic, phonon, and magnetic contributions, i.e., 
magphe κκκκ ∆+∆+∆=∆ . The electronic term eκ∆  could be safely excluded from the 
expression, since the contribution from charge carriers is insignificant as mentioned before. 
The anomalous enhancement of thermal conductivity at transition could be attributed to the 
reduction of phonon-phonon scattering due to the Jahn-Teller distortions, which become 
delocalized along with the charge carriers.31 However, Ikebe et al. have claimed that the 
phonon alone is far too small to explain the observed enhancement in κ at ferromagnetic 
transitions.29 Therefore, the magnetic contribution magκ∆  must be taken into account. It is 
argued that a suppression of spin-phonon scattering may result from the strong coupling 
between the lattice and the spin system through the double exchange interaction.32 Another 
peculiar feature of the observed T-dependent thermal conductivity is that κ increases 
monotonically with temperature in the paramagnetic state (T > Tc,κ). Such kind of behavior 
is very unusual, since the high-temperature thermal conductivity of crystalline solids is 
expected to decrease with temperature according to the well-known formula 
T
aMC D
2γ
θκ ∝ , 
where a is the lattice constant, M is the mass per atom, C is the specific heat, θD is the 
Debye temperature, and γ is the Gruneisen constant with a value ranging from 2 to 3 for 
solids. These parameters are considered to be a weak function of temperature at high 
temperatures. As a result, κ decreases with temperature through a reciprocal function of T. 
However, neutron scattering measurements in these manganites showed that the Gruneisen 
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constant γ is not only much larger (~180) than usual, but also decreases markedly with 
temperature.33 Thus, the increase in κ in the paramagnetic state could be understood with 
the scenario of local anharmonic lattice distortions.34 
F. Thermoelectric power 
The temperature-dependent thermoelectric power (TEP) data for LSMRO with 
25.00 ≤≤ x  are shown in Figure 9(a). The behavior of the TEP in these samples shows 
small and positive values at low temperatures, a signature of p-type conduction and metallic 
in nature. For all samples, it is seen that the measured TEP increases initially with T, 
develops into a broad maximum, then changes sign at higher temperatures. This sign 
change in TEP implies that the electronic state of these samples has been thermally altered 
from hole-like to electron-like. With further increase in temperature, noticeable anomalous 
feature, which marks the occurrence of phase transition, is clearly observed. The transition 
temperatures Tc,TEP determined from the TEP data are tabulated in Table I. In addition to the 
systematic decrease in Tc,TEP with respect to increasing x value, the temperatures with the 
sign change in TEP are found to decrease concurrently with Tc,TEP. Such an observation 
implies that the sign change in TEP is closely related to the magnetic property in these 
manganites, and can be attributed to the polaron transport, as discussed previously in 
resistivity. The spin polarization changes the electronic nature of charge carriers, and thus 
the thermoelectric transport.32 Moreover, it is conventionally known that poor conductors 
usually have a larger TEP than that of good conductors and vice versa. Near Tc,TEP, a rapid 
increase in the absolute value of TEP was observed, corresponding well to the 
metal-insulator phase transition. For x = 0.10, a spike-shaped feature was observed in this 
particular composition, indicating possible enhancement of double exchange interaction at 
the low level of Ru substitution for Mn in these manganites. Note that the anomalous 
feature in κ was also more pronounced for the x = 0.10 sample (see inset of Fig. 9(a)), 
supporting our previous argument.  
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In the metallic region, the linear variation of TEP is often discussed using the 
well-known Mott formula  
FEE
B
e E
E
E
T
e
kS
=
⎟⎟⎠
⎞
⎜⎜⎝
⎛
∂
∂= )(
)(
1
3
22 σ
σ
π
,          (4) 
by assuming a one-band model with an energy-independent relaxation time, where e is the 
elementary charge with a negative sign, and σ(E) is the electrical conductivity. In the 
insulating region, the TEP is given by the classical expression 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +±= A
Tk
E
e
kS
B
SB ,                                          (5) 
where ES is the activation energy for the thermoelectric power, and A is a constant of order 
unity. In Figure 9(b), we show a plot of TEP versus 1/T of these manganites and the solid lines 
represent the fits of measured data to Eq. (5) in the insulating phase. It is seen that the 
high-temperature TEP data can be satisfactorily described using such a thermal-activated 
model, and the extracted activation energy ES decreases with increasing x (see Table I). Such 
kind of ES dependence on x has also been found in the partially Cr substitution for the Mn sites 
in La0.67Ca0.33MnO3.34 It is worth mentioning that the activation energy Ea in the paramagnetic 
state is previously estimated to be of the order of 0.1 eV from electrical resistivity data. If Eq. 
(5) is valid, the TEP for these samples should be of the order of 1000 µV/K, which is two 
orders of magnitude larger than what we observed. With the fact that the thermoelectric power 
of this class of materials in the insulating phase is unexpectedly small, suggesting a 
comparable size of electron-pockets and hole-pockets in their energy band and these 
manganites are nearly compensated. Furthermore, the formation of polarons may also be 
essential to the thermoelectric transport in these materials.35  
 
IV. CONCLUSIONS 
In conclusion, we have reported detailed investigations of crystal structure, transport 
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(electrical resistivity, thermal conductivity, and thermoelectric power) and thermodynamic 
(magnetization and specific heat) properties on La0.7Sr0.3(Mn1-xRux)O3. Based on the 
crystalline analyses and the magnetic-moment measurements, it is inferred that Ru should 
have a mixed valence of Ru3+ and Ru4+ with lower level of Ru substitution (x < 0.5), and an 
additional mixed valence of Ru4+ and Ru5+ appears in LSMRO with higher level of Ru 
substitution (x ≥ 0.5). It is found that all measured physical properties undergo pronounced 
anomalous features due to the ferromagnetic-paramagnetic phase transition in these 
compounds. However, the Curie temperatures TC determined from the magnetization 
measurement are consistently higher than that of the metal-insulator transitions TMI determined 
from the transport measurements. By replacing Mn with Ru, both TC and TMI decrease 
concurrently and the studied materials are driven toward the insulating phase with larger x. 
The transport properties of LSMRO can be reasonably understood in the viewpoint of 
polaronic transport. It is also found that the entropy change during the phase transition is 
reduced with increase in Ru substitution. These observations indicate that the existence of Ru 
has the effect of weakening the ferromagnetism and metallicity on the LSMRO perovskite. 
The present study constitutes, by far, the most throughout physical measurements on full range 
of La0.7Sr0.3(Mn1-xRux)O3 manganites, and provides a significant understanding to the valence 
state of Ru ions and transport mechanism for these compounds. 
ACKNOWLEDGEMENTS 
This work was supported by the National Science Council, Taiwan, Republic of China 
under contract nos. NSC 94-2112-M-212-001 (L.M.W.) and NSC 94-2112-M-259-012 
(Y.K.K.). 
 
*Corresponding author. Email address: ykkuo@mail.ndhu.edu.tw 
 
 16
References 
1 R. von Helmolt, J. Wecker, B. Holzapfel, L. Schultz, and K Samwer, Phys. Rev. Lett. 71, 
2331 (1993). 
2 S. Jin, T. H. Tiefel, M. McCormack, R. A. Fastnacht, R. Ramesh, and L. H. Chen, Science 
264, 413 (1994). 
3 K. Khazeni, Y. X. Jia, Li Lu, Vincent H. Crespi, Marvin L. Cohen, and A. Zettl, Phys. Rev. 
Lett. 76, 295 (1996). 
4 A. Urushibara, Y. Moritomo, T. Arima, G. Kito, and Y. Tokura, Phys. Rev. B 51, 14103 
(1995). 
5 C. Zener, Phys. Rev. 82, 403 (1951). 
6 P.-G. de Gennes, Phys. Rev. 118, 141 (1960). 
7 A. M. Balagurov, S. N. Bushmeleva, V. Yu. Pomjakushin, D. V. Sheptyakov, V. A. 
Amelichev, O. Yu. Gorbenko, A. R. Kaul, E. A. Gan'shina, and N. B. Perkins, Phys. Rev. 
B 70, 014427 (2004). 
8 Lide M. Rodriguez-Martinez and J. Paul Attfield, Phys. Rev. B 54, R15622 (1996). 
9 E. Granado, Q. Huang, J. W. Lynn, J. Gopalakrishnan, and K. Ramesha, Phys. Rev. B 70, 
214416 (2004). 
10 J. R. Sun, G. H. Rao, B. G. Shen, and H. K. Wong, Appl. Phys. Lett. 73, 2998 (1998). 
11 K. Ghosh, S. B. Ogale, R. Ramesh, R. L. Greene, T. Venkatesan, K. M. Gapchup, R. 
Bathe, and S. I. Patil, Phys. Rev. B 59, 533 (1999). 
12 Yun-Hui Huang, Chun-Sheng Liao, Zhe-Ming Wang, Xiao-Hang Li, Chun-Hua Yan,  
Ji-Rong Sun and Bao-Gen Shen, Phys. Rev. B 65, 184423 (2002). 
13 S. S. Manoharan, H. L. Ju, and K. M. Krishnan, J. Appl. Phys. 83, 7183 (1998). 
14 K. S. Ranjan, Q. Mohammad, L. R. Manju, S. S. Manoharan, and A. K. Nigam, Appl. 
Phys. Lett. 80, 88 (2002). 
15 K. M. Krishnan, and H. L. Ju, Phys. Rev. B 60, 14793 (1999). 
16 K. S. Ranjan, and S. S. Manoharan, J. Appl. Phys. 91, 7517 (2002). 
17 Lorenzo Malavasi, Maria Cristina Mozzati, Elena Di Tullio, Cristina Tealdi, and Giorgio 
Flor, Phys. Rev. B 71, 174435 (2005). 
18 L. Seetha Lakshmi, V. Sridharan, D. V. Natarajan, Rajeev Rawat, Sharat Chandra, V. 
Sankara Sastry, and T. S. Radhakrishnan, J. Magn. Magn. Mater. 279, 41 (2004). 
19 S. Sundar Manoharan, R. K. Sahu, M. L. Rao, D. Elefant, and C. M. Schneider, Europhys. 
 17
Lett. 59, 451 (2002). 
20 Y. K. Kuo, C. S. Lue, F. H. Hsu, H. H. Li, and H. D. Yang, Phys. Rev. B 64, 125124 
(2001). 
21 H. L. Ju, Y. S. Nam, J. E. Lee, and H. S. Shin, J. Magn. Magn. Mater. 219, 1 (2000). 
22 C. Martin, A. Maignan, M. Hervieu, C. Autret, B. Raveau, and D. I. Khomskii, Phys. Rev. 
B 63, 174402 (2001). 
23 M. Viret, L. Ranno, and J. M. D. Coey, Phys. Rev. B 55, 8067 (1997). 
24 M. Jaime, M. B. Salamon, M. Rubinstein, R. E. Treece, J. S. Horwitz, and D. B. Chrisey, 
Phys. Rev. B 54, 11 914 (1996). 
25 N. Gayathri, A. K. Raychaudhuri, S. K. Tiwary, R. Gundakaram, Anthony Arulraj, and C. 
N. R. Rao, Phys. Rev. B 56, 1345 (1997). 
26 P. Ganguly and C. N. R. Rao, in Metallic and Non-metallic State of Matter, edited by P. P. 
Edwards and C. N. R. Rao (Taylor and Francis, London, 1985). 
27 M. N. Khlopkin, G. K. Panova, A. A. Shikov, V. F. Sinyavskii, and D. A. Shulyatev, Phys. 
Solid State 42 (1), 114 (2000). 
28 S. E. Lofland, S. M. Bhagat, K. Ghosh, R. L. Greene, S. G. Karabashev, D. A. Shulyatev, 
A. A. Arsenov, and Y. Mukovskii, Phys. Rev. B 56, 13705 (1997). 
29 M. Ikebe, H. Fujishiro and Y. Konno, J. Phys. Soc. Jpn. 67, 1083 (1998). 
30 D. W. Visser, A. P. Ramirea and M. A. Subramanian, Phys. Rev. Lett. 78, 3947 (1997). 
31 A. Ray and T. K. Dey, Solid State Commun. 126, 147 (2003). 
32 A. Asamitsu, Y. Moritomo, and Y. Tokura, Phys. Rev. B 53, 2952 (1996). 
33 P. Dai, J. Zhang, H. A. Mook, S.-J. Lion, P. A. Dowben, and E. W. Plummer, Phys. Rev. 
B 54, 3694 (1996). 
34 Y. Sun, X. Xu, and Y. Zhang, Phys. Rev. B 63, 054404 (2000). 
35 N. G. Bebenin, R. I. Zainullina, V. V. Mashkautsan, V. V. Ustinov, and Ya. M. 
Mukovskii, Phys. Rev. B 69, 104434 (2004). 
 18
Table I. Parameters on transport and thermodynamic properties for LSMRO. 
 
Sample TC (K) TMI (K) Tc,Cp (K) ∆S (R) Tc,κ (K) Tc,TEP (K) ES (meV)
x = 0.00 377 362.6 360.5 0.3376 367.1 367.1 33 
x = 0.10 369 362.7 358.5 0.3153 363.4 363.4 28 
x = 0.15 365 344.3 340.7 0.2993 349.0 349.0 8.1 
x = 0.20 359 337.4 330.4 0.2503 337.4 337.4 6.7 
x = 0.25 328 317.7 309.7 0.1870 314.3 314.3 0.83 
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FIGURE CAPTIONS 
FIG. 1. Typical θ-2θ X-ray diffraction spectra of LSMRO with x = 0 – 1.0. The arrows 
indicate the impurity phases of SrO2 and La2O3. 
FIG. 2. (a) Lattice parameters and (b) unit cell volume Vcell as a function of Ru 
concentration (x) of LSMRO compounds. 
FIG. 3. Temperature dependences of the zero-field-cooled and field-cooled magnetization 
for LSMRO. The inset shows the irreversibility temperature T* as a function of Ru 
concentration. 
FIG. 4. Hysteresis loops of the LSMRO measured at 5 K. The inset shows the magnetic 
moment µs for Mn/Ru site as a function of Ru concentration. The dashed lines 
indicate the µs calculated by Eqs. (1) and (2) for both x ≤ 0.5 and x > 0.5 as a 
function of x. 
FIG. 5. Temperature-dependent resistivities between 20 to 500 K of LSMRO with (a) x ≥ 
0.3 and (b) x ≤ 0.25. Inset of (a): the ρ/T1.5 versus 1/T plots for LSMRO with x = 
0.2, 0.5, and 0.7. The solid lines are the fitting of Eq. (3). Inset of (b): resistivity 
activation energy Ea as a function of x. The dashed lines are for guiding the eyes. 
FIG. 6. Temperature dependence of specific heats for LSMRO with 0 ≤ x ≤ 0.25. Each 
curve is offset by 30 J/mol K for clarity. The inset shows the specific-heat jumps 
with backgrounds subtracted. 
FIG. 7. Temperature dependence of specific heats for LSMRO with 0.30 ≤ x ≤ 0.60. Each 
curve is offset by 10 J/mol K for clarity. 
FIG. 8. Temperature-dependent thermal conductivities for LSMRO with 25.00 ≤≤ x . 
The inset shows the blow-up plot near phase transitions. 
FIG. 9. (a) Thermoelectric power as a function of temperature for LSMRO with 
25.00 ≤≤ x . The inset shows the corresponding data at temperatures around the 
transition temperature. (b) Thermoelectric power TEP versus 1/T at high 
 20
temperatures. The solid lines represent the fits to Eq. (5) in the paramagnetic state. 
 21
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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